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High partial-wave (l ≥ 2) Feshbach resonance (FR) in an ultracold mixture of 85Rb-87Rb atoms
is investigated experimentally aided by a partial-wave insensitive analytic multichannel quantum-
defect theory (MQDT). Two “broad” resonances from coupling between d-waves in both the open
and closed channels are observed and characterized. One of them shows a fully resolved triplet
structure with splitting ratio well explained by the perturbation to the closed channel due to in-
teratomic spin-spin interaction. These tunable “broad” d-wave resonances, especially the one in
the lowest-energy open channel, could find important applications in simulating d-wave coupling
dominated many-body systems. In addition, we find that there is generally a time and temperature
requirement, associated with tunneling through the angular momentum barrier, to establish and
observe resonant coupling in nonzero partial waves.
PACS numbers: 34.50.Cx,67.85.-d,67.60.Bc,34.10.+x
Ultracold atoms with controllable interaction via Fes-
hbach resonance (FR) have provided an ideal plat-
form to study novel phenomena in few- and many-body
physics [1]. While quantum gases often display smooth
crossover behavior when crossing a s-wave FR [2–6],
they are predicted to exhibit complex order parameters
and quantum phase transitions when driven across FRs
of higher partial waves [7–11]. High partial-wave FRs
can enhance the nominally suppressed nonzero partial-
wave interactions at low temperatures to the unitarity
limit [1]. They give access to high partial-wave pairing
which plays an important role in p-wave superfluidity in
liquid 3He [12] or the proposed d-wave high-Tc supercon-
ductors [13], and can significantly expand the platforms
for cold atom based quantum simulations.
To coherently control high partial-wave interactions,
it is crucial to find suitable high partial-wave FRs with
small atom losses. Nearly lossless FRs have only been
found in “broad” [1, 14] s-wave resonances of fermionic
alkali mixtures. All p-wave FRs observed to-date are
accompanied by strong losses due to either two-body
dipolar spin flip or three-body recombination, even for
fermionic atomic species [15–18]. The prevailing wisdom
has been to search for high partial-wave FRs in the low-
est energy open channels to avoid exothermic dipolar loss,
and to search for “broad” high partial-wave FRs domi-
nated by open channels to minimize the influence of the
bound states. Unfortunately, the only alkali fermionic
atoms, either 6Li or 40K or their mixtures, are void of
p-wave FRs satisfying both criteria simultaneously [19].
A natural progression is from p-wave to d-wave reso-
nances. “Broad” d-wave FRs originating from the direct
coupling between a d-wave open channel and a d-wave
closed channel are expected to exhibit a triplet structure,
akin to the doublet structure for p-wave FRs [20]. These
d-wave FRs, however, have not been observed or iden-
tified before. Almost all FRs which are loosely referred
as “d-wave FRs” previously arise from coupling between
a s-wave open channel and a d-wave closed channel [21–
28]. These are actually s-wave FRs (scattering) induced
by a d-wave bound state. A distinguishing experimental
feature is that atom losses caused by these FRs do not
disappear even at zero temperature unlike real p-wave
and d-wave FRs. One exception is the FR observed in
52Cr atoms originating from coupling between a d-wave
open channel and a s-wave bound state [29, 30]. Both
cases described above exhibit one resonance peak.
This Letter reports the first observation of two “broad”
d-wave FRs, arising from the direct coupling between
an open channel d-wave and a closed channel d-wave.
We find a triplet structure with a peak-separation ra-
tio in good agreement with interatomic spin-spin inter-
action [31] induced level splitting. One of the resonances
is in the lowest-energy open channel and is thus free
from two-body dipolar spin flip. This work is stimulated
and guided by a partial-wave insensitive multichannel
quantum-defect theory (MQDT) based on the analytic
eigenfunctions for diatomic systems with long-range van
der Waals (vdW) potential tail [14, 32–34]. The MQDT
predicts many “broad” d- and f -wave FRs in the mixture
of 85Rb and 87Rb atoms. However, we find that to realize
true f -wave coupling, which gives the f -wave quartet, re-
quires a ‘tunneling time’ (the time for the entrance wave
function to build up inside the centrifugal barrier in or-
der to feel the existence of the closed channel) longer than
our present setup can provide at ultracold temperatures.
The experimental procedure for preparing an ultracold
mixture of 85Rb and 87Rb atoms has been described
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FIG. 1. (Color online) The d-wave Feshbach resonance. (a) A simplified two-channel illustration for the origin of the triplet
structure in d-wave FRs. Inset shows the angular part of the molecular wave function (spherical harmonic |Y m′l2 |2), with arrows
illustrating the spins of the valence electrons aligned with the bias magnetic field (for the spin-triplet closed channel). In this
example, the m′l = 0 (|m′l| = 2) state has lower (higher) energy because the magnetic dipole-dipole interaction is dominated
by the head-to-tail attractive (side-by-side repulsive) configuration. The splitting of the bound states gives rise to a triplet FR
structure when the open channel is also d-wave. (b)-(d) show the remaining fraction of 85Rb (normalized to the baseline value
in off-resonance regions) after coexisting with 87Rb atoms (b) for 1 s at 16 µK, (c) for 1 s at 1.2µK, and (d) for 1.6 s at 400 nK.
The number of 85Rb and 87Rb atoms in the off-resonance regions are, respectively, about 2× 105 and 4× 105 for (b), 1.2× 104
and 1.2× 105 for (c), and 3.5× 103 and 5.5× 104 for (d). The characteristic triplet structure for l = l′ = 2 is clearly visible in
(d). The shaded gray region indicates the position at which the |m′l| = 2 bound states become degenerate with the threshold
of the open channel. All data points are averages over five measurements, and error bars show the typical standard deviations.
The eye-guiding black solid lines in (b) [(c),(d)] are fits to the data using asymmetric double Sigmoidal [multiple-peak] function.
previously [35]. In brief, the experiment starts with
loading of both atomic isotopes into a magneto-optical
trap (MOT). This is followed by optical pumping of the
atoms into their corresponding low-field seeking states,
85Rb|f = 2,mf = −2〉 and 87Rb |1,−1〉, before trans-
ferring them into a magnetic quadrupole trap. After
forced microwave evaporation of 87Rb atoms, which sym-
pathetically cools 85Rb atoms, the mixture is loaded into
a crossed optical dipole trap formed by two horizontal
1064-nm light beams with 1/e2 waists of ∼35 µm and
∼120 µm, and of powers of 2.7 W and 3 W, respectively.
At this stage, we have typically 8× 106 85Rb and 9× 106
87Rb atoms at a temperature of ∼25µK. The atoms
are subsequently cooled to temperatures ranging from
400 nK to 16µK by reducing the powers of both trapping
beams, followed by rf-adiabatic-passage transfers [36] to
the desired spin states if required. Inter-isotope FRs are
then detected by monitoring the fractional losses of both
isotopes after ramping the magnetic field to a desired
value and holding the mixture for a certain amount of
time. The presence of a FR is manifested by enhanced
atom losses.
The predictive power of the analytic MQDT for non-
zero partial-wave FRs has been proven by our previous
observations of “broad” p-wave FRs in the 85Rb and 87Rb
mixture [35]. With the discovery of the d-wave FRs in
this Letter, the territory governed by the analytic MQDT
is further expanded. These d-wave FRs we observe differ
from all previously reported d-wave-related FRs [21–30]
that arise from coupling between a l = 0 (l = 2) open
channel and a l′ = 2 (l′ = 0) closed channel. The |∆l| = 2
coupling behind those FRs is facilitated by the weak
anisotropic interatomic spin-spin interaction [31] which
represents the combined effect of the magnetic dipole-
dipole and the second order spin-orbit interaction be-
tween the valence electrons. For the (∆l = 0) d-wave
FR we report, the coupling arises instead from the much
stronger isotropic electronic interaction [1], which can po-
tentially give “broader” d-wave FRs. The distinguishing
signature of these two types of resonance lies at the fact
that the latter shows a triplet structure instead of a sin-
glet for the former.
Figure 1(a) shows a simplified two-channel illustration
for the origin of the triplet structure. The spin-spin in-
teraction between the valence electrons perturbs the de-
generate l′ = 2 molecular bound states and consequently
splits them into three according to the azimuthal quan-
tum number |m′l| = 0, 1, 2. For a s-wave (l = 0) in
3the open channel, only one FR can be observed as it
can only couple to one of the m′l bound states, because
the total azimuthal quantum number ml + MF (MF
= mf,85+mf,87) is conserved according to the coupling
mechanisms involved. Likewise, a FR with a d-wave open
channel and a s-wave closed channel also exhibits one
peak. On the contrary, for FRs that arise from coupling
through electronic (exchange) interactions, the selection
rules are l = l′, ml = m′l, MF = M
′
F . This, together with
the fact that both the open and the closed channels can
take 2l+1 values of ml, leads to a total of l+1 FR peaks
(FRs with equal |ml| (ml 6= 0) are doubly degenerate).
Hence, a triplet structure for the d-wave is expected.
Figures 1(b)-(d) show the loss spectra around a d-
wave FR near 423.0 G in the 85Rb|2,−2〉+87Rb|1,−1〉
open channel at different temperatures. The remaining
fraction of 85Rb atoms are plotted as a function of the
magnetic field after coexisting with 87Rb atoms for 1 s at
16 µK (b), for 1 s at 1.2 µK (c), and for 1.6 s at 400 nK (d).
Overall, the loss features are observed to shift towards
higher magnetic fields and a triplet structure emerges as
the temperature of the atoms is lowered. The shift can
be understood by noting first that, for this particular
FR, the magnetic moment for the bound molecule is less
negative than that of the two atoms in the open channel.
The bound states thus move upward with respect to the
threshold of the open channel with decreasing magnetic
field. Second, at higher temperatures, atoms can access
bound states that lie above the threshold of the open
channel supplemented by their kinetic energy. Together,
these two factors shift the maximal loss towards lower
magnetic fields at higher temperatures as observed.
To quantitatively understand the splitting of the d-
wave resonance, we study the perturbation of the bound
states due to the magnetic dipole-dipole interaction be-
tween the valence electrons of the alkali atoms [20]. The
perturbing interaction can be expressed in the tensor op-
erator form as [37]
H ′ = −α
2
√
6
R3
2∑
q=−2
(−1)qC2q (s1 ⊗ s2)2−q, (1)
in atomic units, where α is the fine structure con-
stant, R the separation between the two atoms, C2q
the reduced spherical harmonic defined as Ckq (θ, φ) =√
4pi/(2k + 1)Ykq(θ, φ), and (s1 ⊗ s2)2−q the second-rank
tensor formed from the spin operators of atom 1 and 2.
The matrix elements H ′ij are given by
−α2
√
6
2∑
q=−2
(−1)q〈l′m′li|C2q |l′m′lj〉〈φb|
(s1 ⊗ s2)2−q
R3
|φb〉, (2)
where |φb〉 is the coupled-channel wave function for the
bound state with coupling to the continuum. It takes the
same form for different m′l within the first order approx-
imation. For d-wave FRs with open and closed channels
of the same MF , only the q = 0 terms contribute. Thus
H ′ is diagonal and the energy shifts of the bound states
are
∆Em′l = −α2
√
6〈2,m′l|C20 |2,m′l〉〈φb|
(s1 ⊗ s2)20
R3
|φb〉, (3)
differing only in the multiplying factor 〈2,m′l|C20 |2,m′l〉.
Since 〈2, 0|C20 |2, 0〉 = 27 , 〈2,±1|C20 |2,±1〉 = 17 ,〈2,±2|C20 |2,±2〉 = − 27 , the triplet structure is ex-
pected to exhibit a splitting ratio of (∆Em′l=0 −
∆E|m′l|=1)/(∆E|m′l|=1 − ∆E|m′l|=2) = 1/3. The second-
order spin-orbit interaction takes the same form as the
magnetic dipole-dipole interaction in the spin dependant
part [31], and thus does not change the splitting ratio.
Experimentally, we measure an offset of 92(7) mG be-
tween the |m′l| = 0 and 1 peaks, and an offset of
247(6) mG between the |m′l| = 1 and 2, giving a ratio
of about 1/2.7(3) which agrees well with the theoreti-
cal expectation. The measured splitting ratio thus sup-
ports the origin of the triplet structure as due to spin-
spin interaction, analogous to the widely studied p-wave
doublet. Nevertheless, it represents an independent affir-
mation from latter since this ratio does not require the
accurate knowledge of the bound state wave function or
the magnitude of the second-order spin-orbit interaction.
The d-wave FR we discuss above, together with a
number of other d- and f -wave FRs, is predicted using
a MQDT assisted with analytic solutions to long-range
vdW potential in any partial waves [14, 32–34]. Within
the MQDT framework we adopt, the properties of FRs
in all partial waves are determined from three parame-
ters [33, 38]: the vdW coefficient C6, the singlet s-wave
scattering length aSl=0, and the triplet s-wave scattering
length aTl=0, besides the inherent atomic parameters such
as hyperfine splitting. The FRs in the 85Rb-87Rb mix-
ture are calculated here using C6 = 4710 a.u., a
S
l=0 =
11.37 a.u., and aTl=0 = 184.0 a.u., taken from Ref. [35].
The MQDT provides for a unified parametrization of
FRs in all partial waves. One of the important parame-
ters is the derived resonance strength ζres [14], which is
used to distinguish “broad” resonances (|ζres|  1) from
the narrow ones (|ζres|  1). The effective atomic in-
teraction for the former ones follows the single-channel
universal behaviour dominated by the open channel.
Another parameter is the generalized scattering length
a˜l [14, 34] which is of dimension L
2l+1 for the l-th partial
wave. For l = 0 (l =1), it coincides with the s-wave scat-
tering length (p-wave scattering volume) of the effective-
range approximation. When normalized by a mean scat-
tering length a¯l = a¯slβ
2l+1
6 [34] (with β6 = (2µC6/~2)1/4,
µ the reduced mass, and a¯sl a l-dependent constant [39]),
a˜l for different partial waves can be conveniently plotted
together.
Figures 2(a) and 2(b) show the dimensionless a˜l(B)/a¯l
versus magnetic field for the 85Rb|2,−2〉+87Rb|1,−1〉
and 85Rb|2,+2〉+87Rb|1,+1〉 open channels, respec-
4tively, for l = 0, 1, 2, 3 (note only l = l′ are consid-
ered within our model). All together 5 d-wave FRs
(3 “broad” and 2 “narrow”) are predicted in the two
channels from 0 to 1000 G [40]. Besides the “broad”
d-wave FR (ζres = −3.5) discussed in Fig. 1, another
“broad” d-wave FR (ζres = −6.7) is observed in the
85Rb|2,+2〉+87Rb|1,+1〉 channel at 622.6(2) G [40]. The
latter is of particular interest because it is in the lowest-
energy open channel and thus free of two-body dipo-
lar spin-flip loss. Furthermore, two “narrow” d-wave
FRs, one at 337.2(2) G (ζres = −0.13) and another at
669.0(2) G (ζres = −0.16) [corresponding to blue empty
circles in Fig. 2(a) and 2(b), respectively], are found but
with a singlet structure for reasons to be discussed.
Despite extensive efforts, we are unable to find any of
the predicted (l = 3) “broad” f -wave quartets (Fig. 2).
This is understood to be caused by the long tunneling
time τl required by the entrance wave function to build up
within the centrifugal barrier. τl is closely related to the
width of a shape resonance, γl, by τl = 1/γl. If the length
scales associated with the shorter range interactions are
well separated from β6, and l is not too large, τl follows
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FIG. 3. (Color online) Tunneling time through the angular
momentum barrier, τl, for
85Rb-87Rb system, as a function of
energy  in units of /kB .
a universal behavior characterized by τl = (1/γ
(6)
sl )st,
where st = ~/sE = 2µβ26/~ is the characteristic vdW
time scale. The universal width function γ
(6)
sl is given by
(Eq. (41) of [34])
γ
(6)
sl ≈
2(2l + 3)(2l − 1)a¯sl(sl)l+1/2
1 + 2wlsl
, (4)
for a ”broad” resonance located at l above the threshold.
Here sl = l/sE is the scaled energy, a¯sl and wl are two
l-dependent constants [39, 41].
Figure 3 illustrates, for 85Rb-87Rb system (for which
st ≈ 1.029× 10−7 s), the tunneling time as a function of
energy in units of /kB , for partial waves p, d, and f . At
400 nK, the tunneling time for d-wave is 0.54 s which is
shorter than the 1.6-s holding time adopted in the mea-
surement for Fig. 1(d). For temperatures substantially
lower than 400 nK, the d-wave resonant coupling do not
have sufficient time to establish and the triplet structure
cannot be observed. For the f wave, even at 1.6µK, the
tunneling time is already 74 s, much longer than the life-
time of our sample. While higher temperatures shorten
the tunneling time, they also broaden the width of the
resonance. Therefore we do not expect to observe re-
solved quartet structure.
The above estimate (Eq. 4) applies only for a “broad”
FR. For the “narrow” d-wave FRs at 337.2 G and 669.0 G,
no triplet structure is observed even at 400 nK. Our
coupled-channel calculations, on the other hand, predict
for both of these resonances a triplet splitting resolvable
by our setup, but a much smaller width than those of
the observed “broad” d-wave FRs. The observed singlet
peak loss feature comes instead from resonance between
the s-wave open channel and the m′l = 0 d-wave closed
channel. It is actually a s-wave FR (scattering) which
does not disappear at lower temperatures.
In conclusion, we apply an analytic MQDT to pre-
5dict and describe FRs in an ultracold 85Rb-87Rb mixture.
Two “broad” d-wave FRs are identified, one of them be-
ing in the lowest-energy open channel free from two-body
dipolar spin flip. By placing the atoms in optical lattice
to reduce three-body recombination rate, the latter FR
could find important applications in simulating d-wave
coupling dominated many-body systems.
This work is supported by NSFC (No. 91421305,
No. 91636213, No. 11654001, No. 11374176, and No.
11574177), and by the National Basic Research Pro-
gram of China (973 program) (No. 2013CB922004 and
No. 2014CB921403). Bo Gao is supported NSF under
grant Nos. PHY-1306407 and PHY-1607256. We thank
Jinglun Li for inputs using coupled-channel calculations.
∗ bo.gao@utoledo.edu
† mengkhoon tey@mail.tsinghua.edu.cn
‡ lyou@mail.tsinghua.edu.cn
[1] C. Chin, R. Grimm, P. Julienne, and E. Tiesinga, Rev.
Mod. Phys. 82, 1225 (2010).
[2] A. J. Leggett, Modern Trends in the Theory of Con-
densed Matter, edited by Pekalski A. and Przystawa R.,
Lecture Notes in Physics, Springer-Verlag, Berlin 115,
13 (1980).
[3] S. Jochim, M. Bartenstein, A. Altmeyer, G. Hendl,
S. Riedl, C. Chin, J. Hecker Denschlag, and R. Grimm,
Science 302, 2101 (2003).
[4] T. Bourdel, L. Khaykovich, J. Cubizolles, J. Zhang,
F. Chevy, M. Teichmann, L. Tarruell, S. J. J. M. F.
Kokkelmans, and C. Salomon, Phys. Rev. Lett. 93,
050401 (2004).
[5] C. A. Regal, M. Greiner, and D. S. Jin, Phys. Rev. Lett.
92, 040403 (2004).
[6] M. W. Zwierlein, C. A. Stan, C. H. Schunck, S. M. F.
Raupach, A. J. Kerman, and W. Ketterle, Phys. Rev.
Lett. 92, 120403 (2004).
[7] S. S. Botelho and C. A. R. S. d. Melo, Journal of Low
Temperature Physics 140, 409 (2005).
[8] V. Gurarie, L. Radzihovsky, and A. V. Andreev, Phys.
Rev. Lett. 94, 230403 (2005).
[9] C.-H. Cheng and S.-K. Yip, Phys. Rev. Lett. 95, 070404
(2005).
[10] J. Levinsen, N. R. Cooper, and V. Gurarie, Phys. Rev.
Lett. 99, 210402 (2007).
[11] L. Radzihovsky and S. Choi, Phys. Rev. Lett. 103,
095302 (2009).
[12] D. M. Lee, Rev. Mod. Phys. 69, 645 (1997).
[13] C. C. Tsuei and J. R. Kirtley, Phys. Rev. Lett. 85, 182
(2000).
[14] B. Gao, Phys. Rev. A 84, 022706 (2011).
[15] C. A. Regal, C. Ticknor, J. L. Bohn, and D. S. Jin, Phys.
Rev. Lett. 90, 053201 (2003).
[16] J. Zhang, E. G. M. van Kempen, T. Bourdel,
L. Khaykovich, J. Cubizolles, F. Chevy, M. Teichmann,
L. Tarruell, S. J. J. M. F. Kokkelmans, and C. Salomon,
Phys. Rev. A 70, 030702 (2004).
[17] C. H. Schunck, M. W. Zwierlein, C. A. Stan, S. M. F.
Raupach, W. Ketterle, A. Simoni, E. Tiesinga, C. J.
Williams, and P. S. Julienne, Phys. Rev. A 71, 045601
(2005).
[18] E. Wille, F. M. Spiegelhalder, G. Kerner, D. Naik,
A. Trenkwalder, G. Hendl, F. Schreck, R. Grimm, T. G.
Tiecke, J. T. M. Walraven, S. J. J. M. F. Kokkelmans,
E. Tiesinga, and P. S. Julienne, Phys. Rev. Lett. 100,
053201 (2008).
[19] C. Makrides and B. Gao, Phys. Rev. A 89, 062718 (2014).
[20] C. Ticknor, C. A. Regal, D. S. Jin, and J. L. Bohn, Phys.
Rev. A 69, 042712 (2004).
[21] A. Marte, T. Volz, J. Schuster, S. Du¨rr, G. Rempe,
E. G. M. van Kempen, and B. J. Verhaar, Phys. Rev.
Lett. 89, 283202 (2002).
[22] F. Ferlaino, C. D’Errico, G. Roati, M. Zaccanti, M. In-
guscio, G. Modugno, and A. Simoni, Phys. Rev. A 73,
040702 (2006).
[23] S. Knoop, T. Schuster, R. Scelle, A. Trautmann, J. App-
meier, M. K. Oberthaler, E. Tiesinga, and E. Tiemann,
Phys. Rev. A 83, 042704 (2011).
[24] T. Schuster, R. Scelle, A. Trautmann, S. Knoop, M. K.
Oberthaler, M. M. Haverhals, M. R. Goosen, S. J. J.
M. F. Kokkelmans, and E. Tiemann, Phys. Rev. A 85,
042721 (2012).
[25] C. L. Blackley, C. R. Le Sueur, J. M. Hutson, D. J. Mc-
Carron, M. P. Ko¨ppinger, H.-W. Cho, D. L. Jenkin, and
S. L. Cornish, Phys. Rev. A 87, 033611 (2013).
[26] M. Berninger, A. Zenesini, B. Huang, W. Harm, H.-C.
Na¨gerl, F. Ferlaino, R. Grimm, P. S. Julienne, and J. M.
Hutson, Phys. Rev. A 87, 032517 (2013).
[27] H.-W. Cho, D. J. McCarron, M. P. Ko¨ppinger, D. L.
Jenkin, K. L. Butler, P. S. Julienne, C. L. Blackley, C. R.
Le Sueur, J. M. Hutson, and S. L. Cornish, Phys. Rev.
A 87, 010703 (2013).
[28] M. P. Ko¨ppinger, D. J. McCarron, D. L. Jenkin, P. K.
Molony, H.-W. Cho, S. L. Cornish, C. R. Le Sueur, C. L.
Blackley, and J. M. Hutson, Phys. Rev. A 89, 033604
(2014).
[29] J. Werner, A. Griesmaier, S. Hensler, J. Stuhler, T. Pfau,
A. Simoni, and E. Tiesinga, Phys. Rev. Lett. 94, 183201
(2005).
[30] Q. Beaufils, A. Crubellier, T. Zanon, B. Laburthe-Tolra,
E. Mare´chal, L. Vernac, and O. Gorceix, Phys. Rev. A
79, 032706 (2009).
[31] C. Strauss, T. Takekoshi, F. Lang, K. Winkler,
R. Grimm, J. Hecker Denschlag, and E. Tiemann, Phys.
Rev. A 82, 052514 (2010).
[32] B. Gao, Phys. Rev. A 58, 1728 (1998).
[33] B. Gao, E. Tiesinga, C. J. Williams, and P. S. Julienne,
Phys. Rev. A 72, 042719 (2005).
[34] B. Gao, Phys. Rev. A 80, 012702 (2009).
[35] S. Dong, Y. Cui, C. Shen, Y. Wu, M. K. Tey, L. You,
and B. Gao, Phys. Rev. A 94, 062702 (2016).
[36] E. Peik, M. Ben Dahan, I. Bouchoule, Y. Castin, and
C. Salomon, Phys. Rev. A 55, 2989 (1997).
[37] E. Tiesinga, B. J. Verhaar, and H. T. C. Stoof, Phys.
Rev. A 47, 4114 (1993).
[38] T. M. Hanna, E. Tiesinga, and P. S. Julienne, Phys. Rev.
A 79, 040701 (2009).
[39] a¯sl = pi
2/{24l+1 [Γ(l/2 + 1/4)Γ(l + 3/2)]2}.
[40] See Supplemental Material at
http://link.aps.org/supplemental/10.1103/PhysRevLett.119.203402.
[41] wl = 3pi/[2(2l + 5)(2l + 1)(2l − 3)] .
